INTRODUCTION
Actual evapotranspiration (ET), the combined process of soil water evaporation, interception loss and transpiration (Trajkovic ) , plays a significant role in the global water balance and in the energy balance at the Earth's surface (Tateishi & Ahn ; Chen et al. ) . ET is also central in long-term water resources planning and management, as it is a consumptive water use that cannot be recovered 
MATERIALS AND METHODS

Study region
The study area is located in southern Malawi in southeastern Africa (Figure 1) showed a mean annual range of 1,500-2,000 mm in the plateau areas, 2,000-2,500 mm along the Lake Malawi shore and the Shire River valley and below 1,500 mm in the cooler high-rainfall areas (van der Velden ).
Data availability
The study used observed daily weather data of maximum and minimum temperature ( The data are of reasonably high quality with missing data accounting for only 0.038% (or 5 days) during the entire 36-year period. The data were nevertheless subjected to standard quality control procedures using the AnClim software (Stepaneck ). The software allows the completion of gaps in the data using single-station testing procedures due to the lack of nearby stations with a similar record length. The data passed this test and outliers were not detected. Missing data were filled with long-term daily averages for similar dates.
ET 0 methods
The performances of the PM, Hargreaves (HAG, temperature-based) and Priestley-Taylor (PT, radiation-based) methods were evaluated. Data requirements for a particular model and the available data at the station were the main factors in selecting the alternative methods for comparison.
The full data PM method (PM1) was used as a standard against which the other methods were compared. This is considered to be more accurate, even when the majority of its input data must be estimated (Allen et al. ) . However, it has a relatively large input data requirement. Finally, the parameters of the PT and HAG methods were locally calibrated against the PM1 method. All computations were performed at daily time steps from which monthly mean daily ET 0 were derived.
The FAO Penman-Montheith method
The PM method (Allen et al. ) derives ET 0 as:
where ET 0 is the reference evapotranspiration (mm d 
where
is the sunset angle at latitude φ (rad),
is the inverse relative Earth-Sun distance and
is the solar declination on a day of the year J between 1 January and 31 December (J ¼ 1, …, n; n ¼ 365 or 366).
R SR was estimated for cases where it is not observed following Allen et al. ():
where R SR is as defined above, T max and T min are maximum and minimum temperature ( W C) and K Rs is an adjustment coefficient ( W C -0.5 ) that varies from 0.16 for 'interior' areas (where the influence of moist air masses are less dominant) to 0.19 (for 'coastal areas' where the air masses are strongly influenced by adjacent water bodies). The Nchalo Station is located in a low-lying inland area and the study therefore adopted a K Rs value of 0.16.
In evaluating the performance of the PM method in data-limited situations, 12 scenarios were considered as shown in Table 2 . It was assumed that the most accurate ET 0 estimates were those derived from PM1. Procedures for estimating the internal variables and other missing weather data are outlined in Equations (2)- (7) following the steps given in Chapter 3 of FAO paper 56 by Allen et al. ().
Hargreaves method
The HAG method is a commonly used temperature-based method for estimating ET 0 in areas where meteorological information is scarce. In addition to temperature data which are readily available, the extraterrestrial radiation 
where ET 0 is in mm d -1 ; λ is the latent heat of vapourization (2.45 MJ kg -1 ); R n is the net radiation in MJ m À2 d . ET 0 was estimated using R n computed from both observed and estimated R SR (Equation (7)). The PT method is widely applied due to its acceptable performance in humid regions as well as its limited data requirements (Suleiman & Hoogenboom ) . 
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RESULTS AND DISCUSSION
Performance of the PM method at Nchalo Station Station is presented in Table 3 .
Effect of wind speed u 2
Various values of the wind speed u 2 are used in the different data scenarios to compute the PM ET 0 while keeping the other input data constant. PM3 uses the monthly daily mean u 2 (i.e. each month had its mean value for the entire period), whereas PM4 uses the daily mean value for the entire period (u 2 ¼ 1.89 m s ).
The results shown in Table 3 Table 3 ).
The minor differences were also reflected in high ratio 
Effect of relative humidity RH (%)
Relative humidity is used to compute the actual vapour pressure (e a ), which again is then used to determine the saturated vapour pressure deficit (e s -e a ) in the PM method.
When relative humidity data are missing, the actual vapour pressure can be estimated from the dew point temperature (T dew ) by setting T dew ¼ T min À 3, where T min is the daily minimum temperature ( W C) (Allen et al. ) as in PM6 (Table 2 ). The performance of PM6 (Table 3 and However, the performance criteria indicate that PM6 is still acceptable and was closer to PM1 compared to those in various studies (e.g. Sentelhas et al. ).
Effect of estimated net radiation R n
Net radiation (R n ) was computed from both observed and estimated R SR as represented by data scenarios PM2, PM7, PM8, PM9, PM10, PM11 and PM12 in Table 2 , with various combinations of available or missing wind speed (u 2 ) and vapour pressure deficit (e s -e a ). The results in Table 3 and The MBE values ranged between -0.47 mm d -1 (PM7) and 0.31 mm d -1 (PM12) with slopes ranging from 0.96 to 1.09.
All scenarios suggest underestimations, the only exception being PM12. ET 0 estimates from scenarios with estimated R n were statistically different from the PM1 α ¼ 0:05 ð Þ .
The influence of radiation (R SR ) on the annual pattern of ET 0 was further investigated by standardizing the monthly means as follows:
where x is the standardized value of either observed or estimated R SR or ET 0 (y) with mean y and standard deviation s. 
Comparison of PM1 with HAG and PT methods
The performance of the daily PM1 and the limited data scenario PM2 were compared with the PT and HAG methods (Table 4) . Since the PM method is accepted as the more precise method, even where all input variables are estimated, PM2 (with temperature as the only observed input) was included for comparison. The evaluation indices MBE, RMSE, RE and R in Table 4 show that PM2 performed better against PM1 than both the HAG and PT methods.
The performance indices also show that the PT2 method, with observed R SR and the original parameter (α ¼ 1.26), produced more accurate estimates than PM1 (R 2 ¼ 0.98) the HAG parameter has to be adjusted as:
In contrast to results from this study, the HAG method overestimated PM1 at most of the inland stations in Tunisia used in the study by Jabloun & Sahli () . Nchalo Station is located in an area that is dry and hot for most of the year, and the HAG method is known to underestimate ET 0 in such conditions (Xu & Singh ) . Table 6 PM2 and PT1, PT2 and HAG methods (1998-2007) .
( Table 4) . Without local calibration, the PT2 method still approximates PM1 much better than any other approach (it has the lowest absolute values of MBE, RMSE and RE), although the R value suggests that it overestimated the daily PM1 by about 15% (Figure 5(b) ). The z-tests for the HAG and PT estimates with calibrated parameters showed that these estimates were not statistically different from the PM1 ET 0 (α ¼0.05). 
CONCLUSIONS
